Porcine reproductive and respiratory syndrome (PRRS) continues to be one of the most devastating diseases of swine throughout the world. The syndrome is characterized by respiratory disease leading to increased mortality in young pigs, respiratory disease leading to decreased performance in adults, and infertility or late-term abortions in sows. Two distinct strains of PRRS virus (PRRSV) cause the disease in Europe and North America (7, 32) . PRRSV was classified with three other viruses (equine arteritis virus, lactate dehydrogenaseelevating virus, and simian hemorrhagic fever virus) in genus Arterivirus, family Arteriviridae, order Nidovirales (27) .
The PRRSV is a small, enveloped virus with a 15-kb positive-sense RNA genome composed of nine open reading frames (ORF). Most of the genome is comprised of ORF 1a and ORF 1b that code for RNA replicases. ORF 2a, ORF 3, and ORF 4 encode minor glycoproteins of the PRRSV particle (18) . ORF 2b encodes a minor nonglycosylated protein (35) . The major structural proteins are encoded by ORF 5, ORF 6, and ORF 7 and are called glycoprotein 5 (GP 5 ), nonglycosylated membrane protein (M), and nucleocapsid (N), respectively. GP 5 is a glycosylated, 25-kDa membrane-associated protein, while M is a nonglycosylated, 19-kDa structural matrix protein for the membrane. The N protein is a basic, 15-kDa protein that forms an icosahedral shell around the RNA genome (18) . It is expressed abundantly in infected cells and constitutes 20 to 40% of the viral protein (22) . Most of the antibodies in the immune response of an infected animal are directed against the N and M proteins. Anti-N antibodies can be detected as early as 7 days postinfection (dpi), while anti-M antibodies can be detected by 14 dpi (19) . The N proteins of the European and North American strains of PRRSV have both conserved and divergent epitopes that are recognized by monoclonal antibodies (MAbs) (22) . Because of these properties, the N protein has been chosen as the antigen for several diagnostic tests (8, 9, 25, 33) .
Serological testing to determine the PRRS status of herds and individual animals is often included in management strategies for monitoring and controlling PRRS. An indirect enzyme-linked immunosorbent assay (ELISA) was first described by Albina et al. in 1992 (1) . The IDEXX HerdChek 2XR PRRS ELISA, a commercially available indirect ELISA, has become the industry standard for monitoring the serostatus of swine herds. IDEXX reports excellent sensitivity and specificity values for the assay (97.4 and 99.6%, respectively) (HerdChek PRRS ELISA package insert; IDEXX Laboratories, Westbrook, Maine). The IDEXX ELISA detected the pres-ence of antibodies in serum samples from 14 to 105 dpi (11) . Although results for other indirect ELISAs have been reported previously (4, 9, 25, 29, 33) , the IDEXX ELISA has gained wide acceptance by the diagnostic community as a screening test because of the good repeatability, good reproducibility, fast turnaround time, and relatively low cost of the assay.
Even though many veterinarians are aware that the IDEXX ELISA was developed as a herd-screening tool, individual unexpected positive IDEXX ELISA results in otherwise seronegative herds have caused great concern. This has led to a perception among some veterinarians that there might be an unacceptable level of false-positive results with the assay. For example, a false-positive IDEXX ELISA result was demonstrated in a controlled experiment by Horter et al. (11) . Sera from multiple collection dates and several tissue samples were available to investigate the false-positive results in that experiment, but this is not typically the case in the field. Often, several diagnostic methods are applied to resolve the question of the serostatus of the sample. Virus isolation (VI), PCR, serum virus neutralization (SVN), indirect fluorescent antibody assay (IFA), and ELISA have been used. VI and PCR indicate the presence of the virus in serum samples, and positive results from these methods may not always correlate with antibody levels. SVN, IFA, and ELISA are serological methods that have been used to detect PRRSV-specific antibodies in serum samples.
The viremic stage of the PRRSV infection is generally considered to be from 1 to 6 weeks after infection, but VI has been used to confirm the presence of infectious virus as early as 12 h postexposure (23) . The success of VI from serum decreases as the number of dpi increases (5) . The PRRSV is temperature sensitive (3) and may not survive shipping to a diagnostic laboratory if precautions are not taken. Also, the cell type used for VI can affect the success of virus recovery (2) . Therefore, an IDEXX ELISA-positive and a VI-negative result combination is possible when testing an infected animal. This potential lack of correlation between the IDEXX ELISA and VI limits the use of VI as a follow-up test. The relatively long turnaround time of VI is also a negative aspect of the assay, since the isolation of virus from cell culture may take several days.
PCR is an extremely sensitive assay to detect the presence of the virus (6) . Due to the sensitivity of the assay, false-positive results can be a concern. Infectious virus is not required for detection by PCR. The turnaround time of the assay is faster than that of VI, but the assay is often more expensive than ELISA. PCR typically will detect virus for a longer period of time than VI, but PCR would also have a potential for lack of correlation with the IDEXX ELISA. Therefore, the use of PCR as a follow-up test for confirming antibody status is also limited.
SVN is considered less sensitive than other methods because it detects the presence of neutralizing antibodies that appear at 30 to 60 dpi (3). Antigenic differences between the virus isolate used in the test and the PRRSV in the herd can cause decreased sensitivity (31, 37) . Therefore, the SVN results do not correlate well with the ELISA results; this decreases the method's effectiveness as a follow-up test.
Many diagnostic laboratories provide IFA tests as a follow up to the IDEXX ELISA. Titer values higher than 1:16 or 1:20 are generally considered to represent positive test results. The IFA detects antibodies to PRRSV at 7 to 90 dpi (36) . This detection window is similar to that of the IDEXX ELISA. There are inherent limitations in the IFA as well. Cell culture techniques are required that may not be available in all labs. If the PRRSV isolate used in the assay is antigenically different from the virus in the herd, false-negative results may be generated. Also, the IFA results are more subjective because the assay is read manually using a microscope with a UV light source (2, 37) . The IFA subjectivity can be caused by method variation between labs, technician interpretation, nonspecific fluorescence, and increased background staining with some samples. Due to these inherent differences, decreased IFA reproducibility can be expected between laboratories.
To address the limitations of these follow-up methods, several different competitive or blocking ELISAs (bELISAs) have been developed to detect antibodies against PRRSV (8, 12, 28, 33) . The intent of these published competitive or bELISA methods was to provide a more specific, repeatable, and reproducible method that can be used to investigate unexpected positive IDEXX ELISA results by confirming the presence of PRRSV antibodies in individual animals. Houben et al. used a cell culture-derived antigen with a horseradish peroxidase-conjugated polyclonal antibody (12) . Sorensen et al. used a cell culture-propagated antigen with a biotinylated polyclonal antibody (28). Dea et al. used a recombinant PRRSV N protein as the antigen, an anti-N MAb as the primary antibody, and a horseradish peroxidase-conjugated anti-mouse immunoglobulin G antibody as the secondary antibody (8) . These bELISAs use different antibodies and have been validated in different ways. However, none of the methods have found wide acceptance by the diagnostic community. The goal of this project was to validate a highly specific, highly repeatable bELISA designed on the basis of the use of a purified recombinant nucleocapsid antigen and the well-characterized SDOW17 MAb (22) with the validation methods described by Jacobson for the Office International des Epizooties, the world organization for animal health and testing standards (13) .
MATERIALS AND METHODS
Antigen production. The antigen used for the bELISA was a recombinant ORF 7 nucleocapsid protein of the ATCC VR-2332 isolate of PRRSV. The ORF 7 gene was inserted into the pET 24b plasmid (Novagen, Madison, Wis.) and transformed into BL21-CodonPlus (DE3)-RP-competent cells (Stratagene, La Jolla, Calif.) with the method recommended in the Stratagene package insert. The transformed cells were plated onto Luria-Bertani agar plates containing 30 g of kanamycin/ml and 50 g of chloramphenicol/ml. The ORF 7 protein expression was induced using isopropyl ␤-D-1-thiogalactopyranoside (IPTG). Single colonies were grown in cultures overnight at 37°C in 1 ml of 2ϫ yeast extract tryptone (YT) culture medium with 30 g of kanamycin/ml and 50 g of chloramphenicol/ml. The 1-ml culture was added to 50 ml of 2ϫ YT medium with 30 g of kanamycin/ml and 50 g of chloramphenicol/ml and grown in cultures at 37°C for 2 h. The 50-ml culture was added to 1 liter of 2ϫ YT culture medium with 30 g of kanamycin/ml and 50 g of chloramphenicol/ml and grown in cultures at 37°C for 2 h. IPTG was added to achieve a final concentration of 0.4 mM and grown in cultures for an additional 4 h. The bacteria were pelleted by centrifugation at 12,500 ϫ g for 15 min at 4°C. The pellet was resuspended in 97 ml of lysis solution containing Tris-EDTA buffer (TE buffer) (25 mM Tris, 10 mM EDTA, pH 8.0), 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 M leupeptin, 1 M pepstatin, 0.5% (vol/vol) Triton X-100, 0.05% (vol/vol) Tween 20, and 10 mg of lysozyme (Sigma Chemical Company, St. Louis, Mo.). The suspension was incubated overnight at 4°C and then centrifuged at 17,000 ϫ g for 20 min at 4°C. The pellet was resuspended in 25 ml of TE buffer-1 mM PMSF-1 M pepstatin-1 M leupeptin, sonicated on ice at 70% output with a 50% duty cycle and with pulses in bursts of 30 s, and centrifuged at 17,000 ϫ g for 20 min at 4°C. The supernatant was added to 12.5 ml of 5 M LiCl and 50 ml of ice-cold absolute ethanol. The suspension was centrifuged at 17,000 ϫ g for 20 min at 4°C. The LiCl-ethanol supernatant was collected, and 350 ml of acetone was added. The suspension was centrifuged at 17,000 ϫ g for 20 min at 4°C. The protein pellet was resuspended in 10 ml of TE buffer (pH 8.0)-1 mM PMSF-1 M leupeptin-1 M pepstatin and stored at Ϫ80°C.
MAb production and biotinylation. The MAb SDOW17 recognizes a highly conserved epitope on the PRRSV N protein (22) . SDOW17 mouse ascites fluid was partially purified by ammonium sulfate precipitation. A solution of 1 mg of biotin-N-hydroxysuccinimide (biotin-NHS)-100 l of dimethyl sulfoxide was added to purified MAb for a final concentration of 15% (vol/vol). The mixture was incubated at room temperature for 4 h with gentle stirring. To neutralize the biotin-NHS, 80 l of 1 M NH 4 Cl was added for every milligram of biotin-NHS. The solution was dialyzed twice using Spectra/Por dialysis tubing (MWCO 6-8000; Spectrum Laboratories, Rancho Dominguez, Calif.) in 4 liters of PBS for more than 8 h. Bovine serum albumin (BSA) (1%) was added for stability, and aliquots of the biotinylated MAb were frozen at Ϫ80°C until use.
bELISA. The bELISA was performed using Immulon 2 HB 96-well microtiter plates (Thermo Labsystems, Franklin, Mass.). The optimal dilution of N protein antigen was experimentally determined so that the MAb generated an optical density of approximately 2 in the absence of a competitor. The recombinant, expressed N protein was diluted 1:2,000 with 15 mM sodium carbonate-35 mM sodium bicarbonate (ACB), pH 9.6. The plates were coated with 100 l of the diluted N protein in columns 1, 3, 5, 7, 9, and 11. Columns 2, 4, 6, 8, 10, and 12 were treated with 100 l of ACB as a background control. The plates were incubated for 1 h at 37°C and then held at 4°C overnight. The following day, 200 l of PBS containing 2% (wt/vol) BSA was pipetted into all wells of the microtiter plate and the plates were incubated for 1 h at 37°C. The plates were washed six times using an Immuno Wash eight-channel manifold (Nalgene Nunc International, Rochester, N.Y.) and more than 300 l of PBS containing 0.05% Tween 20 (PBS-T 20 ). Test and control sera were diluted 1:4 with PBS-T 20 containing 0.1% BSA, and 100 l of the dilution was pipetted into an N proteincoated well and a background well. The plates were incubated for 1 h at 37°C. Following the sample incubation, 100 l of a 1:200 dilution of biotinylated SDOW17 MAb was added to all wells. The plates were gently swirled to mix the antibody and then incubated for an additional 30 min at 37°C. The plates were washed six times using a Nunc-Immuno Wash eight-channel manifold and more than 300 l of PBS-T 20 . Streptavidin-horseradish peroxidase conjugate (Zymed, South San Francisco, Calif.) was added to all wells as 100 l of a 1:8,000 dilution, and plates were incubated for 1 h at 37°C. Plates were washed six times using a Nunc-Immuno Wash eight channel manifold and more than 300 l of PBS-T 20 , and 100 l of ABTS peroxidase substrate (KPL, Gaithersburg, Md.) was added to all wells. The plates were gently swirled and then incubated in a 25°C incubator. At 15 min, color development was stopped by the addition of 100 l of ABTS stop solution (KPL) to all wells. The color development was quantified by reading at 405 nm with an EL800 microplate reader (BioTek Instruments Inc., Winooski, Vt.) controlled by XChek Software (IDEXX Laboratories). The raw plate data were copied to an Excel spreadsheet to calculate the percent inhibition (PI) using the following formula:
where OD represents optical density.
A single lot of porcine serum (which was obtained prior to the emergence of PRRSV and tested seronegative by all available assays) was used as the negativecontrol serum and assayed in quadruplicate on each plate. Three internal quality control serum samples (also used for the IDEXX ELISA and the IFA) were assayed on each plate. A well without any test or control serum was used as an MAb control.
IFA. The IFA procedure has been described previously (21) . Briefly, MARC-145 cells (15) were grown in cultures for 3 to 4 days to confluence on 96-well Falcon cell culture plates (BD Biosciences, San Jose, Calif.). Every other column was infected with the SD23983 isolate of PRRSV (5 ϫ 10 3 50% tissue culture infective doses/ml), and the plates were incubated for an additional 18 to 24 h. The plates were then fixed with 300 l of 80% (vol/vol) acetone/well for 15 min at room temperature and then air dried and frozen with a desiccant at Ϫ20°C until use. Serum samples to be assayed were diluted 1:20 and 1:40 with PBS, and 100 l of each dilution was transferred to paired wells of PRRSV-infected and uninfected MARC-145 cells. The plates were incubated at 37°C for 30 min and then washed three times with at least 300 l of PBS. A 30-l volume of 41.7 g of fluorescein isothiocyanate-labeled goat anti-swine immunoglobulin G (KPL)/ml was added to each well. The plates were gently tapped to allow the fluorescein isothiocyanate conjugate to cover the bottom of the well entirely. The plates were incubated at 37°C for 30 min. The plates were washed again with at least 300 l of PBS three times and patted dry between the washes. A fourth wash of 150 l was left on the cells. The wells were examined for specific fluorescence with an inverted microscope and a UV light source.
Method validation. (i) Analytical sensitivity.
To establish the smallest detectable unit of the assay, six 1:2 serial dilutions of a high-level positive-and a negative-internal-control serum were analyzed in triplicate by the bELISA. Analysis of variance (ANOVA) was performed using Minitab Inc. software (release 13) to evaluate differences between the dilutions of the two control sera.
(ii) Cutoff determination. To accurately assess the diagnostic sensitivity and diagnostic specificity of the bELISA, 686 serum samples from individual animals with established PRRSV status were analyzed using the bELISA, the IDEXX ELISA, and the IFA. Since there is no universally accepted serological method to determine the PRRS status of an animal, great care was taken to establish the PRRSV serostatus of the individual animals before inclusion into the validation populations. Results of assays of individual animal serum samples from challenge studies were considered to be negative (uninfected) when collected prior to inoculation with the virus. No negative-testing (uninfected) field samples were included in the validation population due to the high-level prevalence of PRRS.
The positive-testing (infected) validation population was composed of samples from animal challenge studies and known positive-testing field samples. The animal challenge study samples were collected at 21 dpi. A collection of serum samples from a university challenge study was supplied by Jeffery Zimmerman, Department of Veterinary Diagnostic and Production Animal Medicine, Iowa State University. The animals were from PRRS-negative sites and were 3 weeks old at the start of the experiment (11) . Another collection of serum samples from a challenged-animal experiment was supplied by Mike Roof, Research and Development, Boehringer Ingelheim Vetmedica, Ames, Iowa. The animals were 4 to 6 weeks of age at the start of the experiment. Field samples were included in the positive-testing validation population when the case was submitted from a farm with a history of PRRSV-positive status and the IDEXX ELISA and IFA results of the entire case were positive. Field serum samples were supplied by the Health Management Center of Boehringer Ingelheim Vetmedica. The field serum samples were from animals at various stages of production, including isolation gilts, sows, nursery pigs, and finishing pigs. Also, four different geographic regions of the United States (the upper Midwest, the lower Midwest, and the eastern and western regions) were represented. Receiver Operating Characteristic (ROC) analysis methodology assessment was performed using GRAPH ROC software (14) (Version 2.0; [http://members.tripod.com/refstat /GraphROC.htm]).
(iii) Measurement of repeatability. The repeatability of the bELISA was assessed by running the same lot of internal quality control sera 20 times on one plate, once per plate on 10 plates in 1 run, and at least once in 10 different runs. The same lot of internal-quality-control serum has been used with the IDEXX ELISA, IFA, and bELISA at the South Dakota Animal Disease Research and Diagnostic Laboratory (SD ADRDL) since 2001. Means, standard deviations (sd), percent coefficient of variation (%CV) values, and Levey-Jennings control charts were calculated using ControlChart!Pro Plus software (version 7.12.24; ChemSW).
(iv) Detection of seroconversion. To compare the detection of seroconversion by the bELISA to detection by the IDEXX ELISA and IFA, serum from a vaccination and virus challenge study was supplied by Mike Roof. A total of 30 animals were vaccinated with a commercially available vaccine, and then the total group was split into three groups of 10 animals that were challenged with three different isolates of PRRSV (ATCC VR-2385, field isolate 1-8-4, and field isolate 1-4-4). Three groups of unvaccinated animals (n ϭ 9, 10, and 11) were inoculated with the three different isolates of PRRSV. One group of 11 was not vaccinated or inoculated. One group of three animals received the vaccine only. Serum samples were collected approximately weekly over a 52-day period. All samples were assayed with the bELISA, the IDEXX ELISA, and the IFA. The ANOVA statistical comparison was made using Minitab software. The agreement between the three methods was assessed using kappa analysis and MedCalc software (version 7.2.0.2). PRRS status of the sample was determined retrospectively on the basis of subsequent monthly serological testing of the herd according to established protocols of the producer. The sampling protocols were designed to find at least one positive sample at a 95% confidence interval in a herd with a PRRS prevalence of 10%. The amounts of monthly samples per farm differed but were approximately 30 animals per site per month. At 6 months after the conclusion of the study, all the sites remained PRRS negative.
RESULTS
Antigen production. The expressed protein was evaluated for purity using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. As shown in Fig. 1 , a dilution series of the N protein preparation (lanes 1 to 4) revealed two bands. The larger 15-to 20-kDa band contained approximately 90% of the protein preparation and was the recombinant N protein. The smaller 12-to 13-kDa band was lysozyme that copurified with N protein. Western blot analysis indicated the MAb SDOW17 specifically recognized the larger 15-to 20-kDa N protein (data not shown). Lysozyme did not interfere in the ELISA and showed no ELISA reactivity to PRRSV-negative or PRRSVpositive pig sera at any dilution (data not shown).
Analytical sensitivity. The serial dilutions of a high-level positive-internal-control serum and a negative-control serum were assayed under the optimized conditions. A 1:32 dilution of the sample was the highest dilution that was significantly different (P ϭ 0.001) from that of the negative control (Fig. 2) .
Cutoff determination, diagnostic sensitivity, and diagnostic specificity. Serum samples from a positive-testing (North American PRRSV-infected) population of 316 animals and 370 serum samples from a negative-testing (PRRSV-uninfected) population were analyzed with the bELISA, the IDEXX ELISA, and the IFA at the SD ADRDL (Table 1) . GRAPHROC software was used for ROC analysis of all three methods to compare histograms of the results obtained with the uninfected and infected populations to determine an optimized cutoff that maximizes both the diagnostic specificity and diagnostic sensitivity of the assays (Table 2) . A two-graph ROC plot for the bELISA was generated (Fig. 3 ). An optimized cutoff that maximized the efficiency of the assay was calculated at 17 PI for the bELISA. A diagnostic sensitivity of 97.8% with a 95% confidence interval of 95.5 to 99.1% and a corresponding diagnostic specificity of 100% with a 95% confidence interval of 99.1 to 100% were calculated for the bELISA. Using a cutoff of greater than or equal to 1:20, the IFA displayed a diagnostic sensitivity of 99.4% with a 95% confidence interval of 97.7 to 99.9%. The diagnostic specificity of the IFA was the same as that of the bELISA (100%, with a 95% confidence interval of 99.1 to 100%). When the 0.4 sample to positive ratio Table  2 for 1, 10, and 40% prevalence. A single-graph ROC plot (data not shown) is a representation of test performance comparing true-positive results (diagnostic sensitivity) to false-positive results (1 Ϫ diagnostic specificity). The plots are used to assess the overall accuracy of the assay by calculating the area under the curve (AUC). An AUC of more than 0.800 is considered highly accurate. The AUCs of the bELISA, IDEXX ELISA, and IFA were calculated to be 0.993, 1.00, and 0.997, respectively ( Table 2) .
Repeatability of the bELISA. The levels of precision of the IDEXX ELISA and the bELISA were compared using an SD ADRDL internal-control serum. The %CV was calculated using the protocol described earlier. The IDEXX ELISA withinplate %CV was 6.5, the %CV between plates in one run was 9.92, and the %CV between runs was 18. a Diagnostic sensitivity and specificity for bELISA-positive and -negative groups, 97.8 and 100%, respectively. Diagnostic sensitivity and specificity for IDEXX ELISA-positive and -negative groups, 97.2 and 100%, respectively. Diagnostic sensitivity and specificity for IFA-positive and -negative groups, 99.4 and 100%, respectively.
b Individual animals at dpi 21 of challenge study or field animals with positive results by IDEXX, with positive results by IFA, and farm with history of PRRS.
c Individual pigs never exposed to PRRSV.
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in-plate %CV was 3.2, the %CV between plates in one run was 3.96, and the %CV between runs was 4.24 (Table 3) .
Detection of seroconversion.
A vaccination-inoculation challenge study was used to compare the detection of seroconversion by the bELISA, IDEXX ELISA, and IFA (Table 4) . A total of 30 animals were vaccinated with a commercially available PRRS vaccine (Ingelvac ATP; Boehringer Ingelheim Vetmedica). At 14 days later, 29 of the 30 vaccinated animals had seroconverted, as revealed by all three methods. The 30th animal was positive by IFA and negative by bELISA and IDEXX ELISA but had seroconverted by all methods by 28 dpi.
When seroconversion after infection with field isolates was detected, differences were observed among the methods. Three groups of nonvaccinated animals (n ϭ 9, 10, and 11) were inoculated with three different field isolates of PRRSV. ATCC VR-2385 PRRSV was the inoculum). At 17 dpi, greater differences were associated with the isolate of virus used in the inoculum. When PRRSV field isolate 1-4-4 was used as the inoculum, the bELISA and the IFA detected 10 positive results with 10 animals whereas the IDEXX ELISA detected 9 positive results with 10 animals. When PRRSV field isolate 1-8-4 was used as the inoculum, the bELISA detected 10 positive results with 11 animals, the IFA detected 9 positive results with 11 animals, and the IDEXX ELISA detected 7 positive results with 11 animals. When the ATCC VR-2385 PRRSV isolate was used as the inoculum, the bELISA detected eight positive results with nine animals, the IFA detected three positive results with nine animals, and the IDEXX ELISA detected three positive results with nine animals. By 24 dpi, all three methods detected seroconversion in all the samples regardless of the isolate of virus used for inoculation (Table 4) . Table  5 .
ANOVA results indicated that the IDEXX S/P values of groups 1 and 4 were not significantly different from each other. The values for groups 2, 3, and 5 were not significantly different from each other but were different from those of groups 1 and 4 (P Ͻ 0.001). A dot plot (Fig. 4) 
DISCUSSION
Monitoring the serostatus of PRRSV-negative or low-prevalence herds is an issue of great importance to the swine industry. When the IDEXX ELISA is used as a screening tool, unexpected positive results from samples in negative-testing or low-prevalence herds may require additional testing to resolve the issue. Several methods (including VI, PCR, SVN, and IFA) a Results of seroconversion detection by bELISA, IDEXX ELISA, and IFA were compared using samples from a vaccination-inoculation study. Overall, the methods agreed well. The kappa value for the comparison of bELISA to IDEXX was 0.94. The kappa value for the comparison of IDEXX to IFA was 0.95. The kappa value for the comparison of IFA to bELISA was 0.96. There were differences at certain dpi (depending on the virus isolate examined). more thoroughly validated bELISA with accurate and highlevel estimates of sensitivity and specificity was still needed. Jacobson described the validation of an ELISA as a fivestage ongoing process: selection of the antigen, antibody, and control sera; optimization of the assay conditions; determination of the sensitivity and specificity; assessment of predictive value; and monitoring of the repeatability of the assay (13) . The Office International des Epizooties supports this method to validate ELISAs. This study uses the method described by Jacobson to validate the use of a bELISA designed on the basis of the use of a recombinant nucleocapsid antigen paired with biotinylated SDOW17 MAb for the detection of antibodies to PRRSV.
Stage 1 of the validation process is selection of the ELISA antigen, method, and control sera. ELISA antigens have been previously prepared from a cell culture preparation of the whole virus (12) . The nucleocapsid protein was chosen as the antigen for this assay, because a high proportion of the antibody response in an early infection is directed against it (19, 28) . To increase the specificity of the ELISA, a purified recombinant antigen preparation of the nucleocapsid protein was used. Use of a purified antigen is expected to significantly decrease false-positive reactions to other proteins in the antigen preparation (as may occur in cell culture-prepared antigens).
The choice of the method of the ELISA can affect the overall specificity, and each step of that method contributes to the performance of the assay. A competitive or blocking method was chosen, because that type of ELISA is inherently more specific than an indirect ELISA (24) . A biotinylated competing MAb and a streptavidin conjugate were intended to maximize the sensitivity of the ELISA at subsequent steps.
The internal control sera used with the bELISA are also used with the IDEXX ELISA and the IFA at the SD ADRDL for routine diagnostic testing. The sera were collected from individual animals and have been well characterized over a period of several years. This facilitates comparison of results among the three methods.
Stage 2 is the optimization of all the assay conditions. This was accomplished by checkerboard titration of the nucleocapsid antigen, MAb, streptavidin conjugate, and other reagents. Once the assay conditions were optimized, the analytical sensitivity was determined to be a 1:32 dilution of the high-level positive-internal-control serum. This information indicates that a 1:4 dilution of the sample and control serum ensures the maximum signal difference between positive and negative results without increasing the background.
The analytical specificity of the bELISA is determined on the basis of the MAb SDOW17. SDOW17 is directed against a highly conserved epitope on the nucleocapsid protein (34) . SDOW17 binds to essentially all isolates of the PRRSV except for isolates of a vaccine no longer on the market (16, 17, 22) .
Stage 3 is used to determine the accuracy parameters of the assay. Jacobson stated that 700 uninfected and 300 infected animals should be used to validate the method but that lesser numbers could be used as available (13) . ROC analysis was performed using serum samples from 370 known uninfected animals and 316 known North American PRRSV-infected animals analyzed by the bELISA, IDEXX ELISA, and IFA to determine the diagnostic sensitivity and diagnostic specificity of the methods (10) . In this study, a cutoff of 17 PI for the bELISA gave the optimum diagnostic sensitivity of 97.8% (95.5 to 99.1%; 95% confidence interval) and diagnostic specificity of 100% (99.1 to 100%; 95% confidence interval). The two-graph ROC plot of the bELISA displays the histograms of the uninfected and PRRSV-infected populations and demonstrates minimal overlap of the two populations (Fig. 3) . None of the animals from the uninfected population had PI values of more than 17. The overlap between the two populations can be attributed to seven samples from the PRRSV infected population that had PI values of less than 17. Closer examination of the seven samples revealed that all were field samples from farms with a history of PRRSV infections. The PI values of the seven samples ranged from Ϫ4.72 to 16.09, with an average PI of 7.0. The average IDEXX ELISA value of the seven samples was 0.627, with three of the samples having S/P values of less than 0.400 at the SD ADRDL. The geometric mean of the IFA data for the seven samples was 44.2. The farm history, initial Boehringer Ingelheim Vetmedica IDEXX data, and IFA data indicate that the serum samples were indeed positive for antibodies to PRRSV. This decrease in sensitivity of the bELISA indicates that the antibody responses of those animals were not able to compete effectively against the SDOW17 MAb for binding to the N protein. Variations in the individual immune responses, the number of dpi that the sample was collected, and sample quality and antigenic differences of PRRSV infecting the herd are all possible explanations.
With the IDEXX ELISA cutoff of 0.400 S/P, the diagnostic sensitivity was 97.2% (94.7 to 98.7%; 95% confidence interval) and diagnostic specificity was 100% (99.1 to 100%; 95% confidence interval). None of the animals from the uninfected population had S/P values of more than 0.200. Eight field samples of the positive population had S/P values of less 0.400 and therefore had negative results at the SD ADRDL. The S/P values ranged from 0.260 to 0.352. All of the eight had positive corresponding IFA results and were the only samples in their respective cases with an S/P value of less than 0.400. Only three of the eight samples also had negative results by the bELISA. The average bELISA value of the eight samples was 31.9 PI, and the geometric mean of the IFA data was 40.0. These samples were from a herd with a history of PRRSV infection and had positive IDEXX ELISA values at Boehringer Ingelheim Vetmedica. The decrease in sensitivity with respect to these samples could be attributed to IDEXX ELISA serial lot differences, ELISA variation around the cutoff, or sample degradation. Interestingly, none of the infected population had S/P values of less than 0.260. This observation may support the practice by some veterinarians of using follow-up testing for any sample from a herd expected to give negative results that has an S/P value of more than 0.200. ROC analysis demonstrated that an optimized cutoff of 0.200 by the IDEXX ELISA would have a diagnostic sensitivity of 100% while still maintaining the diagnostic specificity at 100%.
The IFA had a diagnostic sensitivity of 99.4% (97.7 to 99.9%; 95% confidence interval) and diagnostic specificity of 100% (99.1 to 100%; 95% confidence interval). Two field samples from the infected population yielded negative IFA results. The average bELISA value was 36.13 PI, and the average IDEXX ELISA S/P value was 0.727. This observation could also be attributed to sample quality or assay variations. VOL. 11, 2004 VALIDATION OF A BLOCKING ELISA FOR PRRSV ANTIBODIES 511
A single-curve ROC plot (data not shown) compares the true positive results (sensitivity) to the false-positive results (1 Ϫ specificity) and is a representation of the overall accuracy of the assay. A very accurate assay will have an AUC of more than 0.90. The AUCs of the bELISA, IDEXX ELISA, and IFA were 0.993 (0.979 to 0.996; 95% confidence interval), 1.000 (0.995 to 1.000; 95% confidence interval), and 0.997 (0.989 to 0.999; 95% confidence interval), respectively. There was also a high level of agreement between the bELISA and the IDEXX ELISA, between the IDEXX ELISA and the IFA, and between the IFA and the bELISA, as demonstrated by kappa values of 0.973, 0.974, and 0.971, respectively. The ROC data for the IDEXX ELISA and the IFA may be skewed higher than could be observed in the field, since positive IDEXX ELISA and IFA results were required for inclusion into the infected population. The comparisons are relevant as a method of evaluating the bELISA in strictly defined populations.
Stage 4 is the assessment of the clinical accuracy by calculation of the positive and negative predictive values. When GraphROC software was used, the clinical accuracy at 10% prevalence of PRRSV in a herd was 1.00 for the positive predictive value and 0.997 for the negative predictive value. These values indicate that a high degree on confidence can be placed in the bELISA results.
Stage 5 is the assessment of repeatability. The other methods used for follow-up testing have inherent qualities that can affect repeatability and reproducibility. The initial repeatability of the bELISA was evaluated using SD ADRDL internalquality-control sera. The within-plate, within-run, and between-run %CV values of the assay were 3.22, 3.96, and 4.24, respectively. These %CV values are very small compared to those of other ELISAs performed at the SD ADRDL and indicate that the bELISA is very repeatable.
The main anticipated use of this assay is as a follow-up test to the IDEXX ELISA when investigations of unexpected positive results in herds expected to give negative results are conducted. The results of detection of seroconversion by the different methods must have a high level of agreement. The detection of seroconversion by the bELISA was compared to the results seen with the IDEXX ELISA and the IFA by assaying samples from a controlled vaccination and inoculation study. A total of 30 animals were vaccinated with a commercially available vaccine. All three methods detected seroconversion by vaccination by 14 dpi equally well. When animals were inoculated with different isolates of PRRSV, slight differences in the serodetection abilities of the methods at 17 dpi were observed.
Overall, the agreement between the methods was excellent. The entire serodetection experiment contained 590 samples taken from 7 to 52 dpi. The kappa value obtained in the comparison of bELISA to IDEXX was 0.94. The kappa value obtained in the comparison of IDEXX to IFA was 0.95. The kappa value obtained in the comparison of IFA to bELISA was 0.96. The data indicate that the bELISA has a window of detection very similar to those of the IDEXX ELISA and the IFA. No false-positive results were demonstrated with the uninfected population in the assay validation. Since most of the uninfected population was composed of animals from university challenge studies, those animals may have been healthier or had less previous exposure to other pathogens than the general swine population. To compare the follow-up methods with respect to the ability to correctly identify the PRRS status of unexpected positive IDEXX ELISA results, 4,038 serum samples were collected from sites expected to give negative results. The negative-testing status of the site was determined retrospectively. At 6 months after the conclusion of the study, all sites remained PRRS negative. The percentages of unexpected positive results were 3.0% for the older IDEXX antigen format and 5.1% for the newer 2XR format, indicating a significantly larger percentage of unexpected positive results obtained using the 2XR antigen format. An increase in the percentage of unexpected positive results from the IDEXX ELISA would emphasize the need for more follow-up testing alternatives.
When the S/P values for the unexpected positive results in group 1 were examined closely, the single IDEXX-positive S/P values (average, 0.519) were not significantly different than the S/P values of the repeated samples (average, 0.208). This may indicate a variation of the assay about the cutoff point of 0.400 S/P. Although the differences between the first and repeated IDEXX S/P values of group 1 are not statistically significant, they are diagnostically significant (since the variation includes the assay cutoff value). Efforts to maximize the repeatability of the IDEXX ELISA could reduce the occurrence of this type of unexpected positive result. The serum samples from groups 2 and 3 with repeatable positive IDEXX ELISA results (averages, 0.858 and 1.086) were significantly different than the group 1 samples but not significantly different from each other. This would indicate that when an unexpected IDEXX value is repeatable, it is significantly different from a negative result and that further investigation is warranted. Also, the data demonstrate that truly negative-testing samples can have very high and repeatable S/P values. The S/P values of the groups were not significantly different between the two antigen formats.
Of all the 133 total unexpected positive results, the IFA was able to detect all of the sera as negative testing whereas the bELISA returned 129 negative results (a 97% agreement between the IFA and the bELISA). The four samples with bELISA-positive results had lower PI values (average PI ϭ 32.64) and were from four different farms. Three of the four samples were also positive for antibodies to Mycoplasma hyopneumoniae. Thacker et al. showed a potentiation of PRRSV infections by M. hyopneumoniae (30) . Other researchers have demonstrated that mycoplasmas can stimulate B cells nonspecifically (20, 26) . When the M. hyopneumoniae antibody data available from other diagnostic cases were reviewed in the study, however, no correlation between the percentages of IDEXX ELISA unexpected positive results and M. hyopneumoniae antibody levels could be confirmed (data not shown). The process responsible for the IDEXX ELISA and bELISA false-positive reactions remains unknown.
In another interesting case, four samples initially in the data set had repeatable positive results by the IDEXX ELISA and three of the four had bELISA-positive results. However, all were IFA negative. Further evaluation revealed that the animals had previously been PRRSV seropositive; therefore, the IFA results were considered to be false-negative results. The antibody levels appeared to have declined below the level detectable by the IFA. This case demonstrates that the IFA can be less sensitive than other available methods for some types of samples.
In conclusion, the IDEXX HerdChek ELISA is a well-accepted assay, but unexpected positive results in herds expected to give negative results have been regularly documented, which makes determination of the serostatus of individual animals and herds unclear. Several other follow-up tests are used, but the inherent limitations of these methods have not allowed resolution of the issue. The bELISA (designed on the basis of the use of a recombinant expressed nucleocapsid protein with the biotinylated SDOW17 MAb) addresses these limitations. The data demonstrate that the bELISA is a highly repeatable assay that shows strong agreement with the IDEXX ELISA and the IFA with respect to detection of seroconversion. The bELISA also demonstrates high-level agreement with the IFA when resolving unexpected IDEXX ELISA positive results. The diagnostic sensitivity, diagnostic specificity, and accuracy of the bELISA make it a useful follow-up test when unexpected positive results in a herd expected to give negative results are investigated.
